Reactive magnetron sputtering was used to deposit tantalum nitride (Ta-N) thin films on Si substrate. The effect of varying the N 2 percentage in the N 2 /Ar gas mixture on the Ta-N film characteristics was investigated. Mechanical and tribological properties were studied using nanoindentation and pin-on-disc wear testing. Decreasing the N 2 content in the gas mixture was found to change the film structure from face centered cubic (fcc) TaN (from 25% to 10% N 2 ) to highly textured fcc TaN (at 7% N 2 ) to a mixture of fcc TaN 1.13 and hexagonal Ta 2 N (at 5% N 2 ), and finally to hexagonal Ta 2 N (at 3% N 2 ). A high hardness of about 33 GPa was shown by the films containing the hexagonal Ta 2 N phase (5% and 3% N 2 ). Decreasing the N 2 content below 7% N 2 was also found to result in microstructural refinement with grain size 5-15 nm. Besides the highest hardness, the film deposited with 3% N 2 content exhibited the highest hardness/modulus ratio (0.13), and elastic recovery (68%), and very low wear rate (3.1 × 10 −6 mm 3 ·N −1 ·m −1 ).
Introduction
Materials based on the nitrides of transition metals have attracted considerable interest because of their high hardness, high temperature oxidation resistance and stability, and high wear resistance, which give rise to various applications [1] . Among the different transition metal nitrides (TiN, CrN, HfN, ZrN, etc.), tantalum nitride (Ta-N) is gaining increasing interest due to its excellent chemical and physical properties. Ta-N is a widely used material for producing hard coatings, wear resistant layers, thin film resistors, diffusion barriers in integrated circuits, and mask layers for X-ray lithography [2] [3] [4] [5] [6] [7] [8] [9] [10] .
Ta-N coatings that are deposited via magnetron sputtering result in a variety of compound solutions, such as body centered cubic (bcc) TaN, hexagonal (hex) TaN, hex Ta 2 N, face centered cubic (fcc) TaN, hex Ta 5 N 6 , tetragonal Ta 4 N 5 , and orthorhombic (orth) Ta 6 N 2.5 , Ta 4 N, Ta 3 N 5 with differing physical, chemical, and mechanical properties [11] [12] [13] [14] [15] [16] [17] [18] . The reported values of hardness for various phases of Ta-N thin films, such as hex Ta 2 N, fcc TaN, orth Ta 6 N 2.5 and orth Ta 4 N are 31, 20, 30.8, and 61.8 GPa, respectively [19] [20] [21] [22] [23] [24] [25] .
Production of Ta-N by reactive sputter deposition while varying the N 2 /(N 2 + Ar) gas ratio is a well-established technique. Previous studies on magnetron sputtered Ta-N films have reported on the change in crystal structure from fcc TaN to hex TaN, and finally to hex Ta 2 N with varying N 2 /(N 2 + Ar) ratio [4, 14, 26, 27] . Most of studies have reported on the hardness of various Ta-N phases, but their microstructure in relation to mechanical properties is scarcely examined. In the present work, Ta-N films were prepared by reactive magnetron sputtering from a Ta target, while systematically varying the N 2 /(N 2 + Ar) gas flow ratio. The main aim of this study was to investigate the effects of Figure 1 shows the low-angle XRD patterns of the Ta-N films deposited at E B = −100 V with the N 2 content in the gas mixture varying from 25% to 3%. The XRD spectra of the films with 25%-10% N 2 show diffraction peaks at 2θ angles of 35.5 • , 41.3 • , and 60.1 • , which can be identified as the (111), (200), (220) peaks of fcc δ-TaN (PDF#49-1283). The 25% N 2 film seems to be textured along (111), and as the N 2 content is decreased from 25% to 10%, the (200) peak gains strength. Decreasing the N 2 content to 7% results in one major peak at 2θ angle of 35.3 • and smaller peaks at 2θ angles of 41.07 • and 59.79 • , which can also be identified as the (111), (200), and (220) diffraction peak of the fcc TaN. The 7% N 2 film seems to have a noticeable (111) texture, which was also confirmed by a θ-2θ scan (not shown). All of the above peaks in the 7% N 2 film exhibit a shift to lower angles when compared to (111), (200), (220) diffraction of the fcc TaN crystal structure reported in the powder diffraction file (PDF#49-1283). This is most likely caused by the residual stress in the films, probably due to a defective fcc structure. Figure 1 shows the low-angle XRD patterns of the Ta-N films deposited at EB = −100 V with the N2 content in the gas mixture varying from 25% to 3%. The XRD spectra of the films with 25%-10% N2 show diffraction peaks at 2θ angles of 35.5°, 41.3°, and 60.1°, which can be identified as the (111), (200), (220) peaks of fcc δ-TaN (PDF#49-1283). The 25% N2 film seems to be textured along (111), and as the N2 content is decreased from 25% to 10%, the (200) peak gains strength. Decreasing the N2 content to 7% results in one major peak at 2θ angle of 35.3° and smaller peaks at 2θ angles of 41.07° and 59.79°, which can also be identified as the (111), (200), and (220) diffraction peak of the fcc TaN. The 7% N2 film seems to have a noticeable (111) texture, which was also confirmed by a θ-2θ scan (not shown). All of the above peaks in the 7% N2 film exhibit a shift to lower angles when compared to (111), (200), (220) diffraction of the fcc TaN crystal structure reported in the powder diffraction file (PDF#49-1283). This is most likely caused by the residual stress in the films, probably due to a defective fcc structure. Further decrease in N2 to 3% results in diffraction peaks at 2θ angles of 33.8°, 38.4°, and 60.4° and can be identified as the (100), (101), (110) planes of hex Ta2N (PDF#26-0985). It should be noted that the (002) reflection of the hex-Ta2N is expected to be present in the shoulder around 2θ angle of 36.5°. Figure 1 . Low-angle X-ray diffraction (XRD) of the Ta-N films deposited at EB = −100 V with N2 content varying from 25% to 3%.
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XRD Analysis
The XRD pattern of the film deposited with 5% N2 shows at least two peaks at 2θ angle of 33.9° and 60.40°, and a broad peak around 36.02°, which in turn is comprised of many peaks. The XRD patterns of the films with 3% and 5% N2 are shown separately in Figure 2 . The peaks at 33.9°, 36.02°, 60.40° correspond to (100) of hex Ta2N, and (111) and (220) of fcc TaN1.13. Thus, the XRD spectrum for the film with 5% N2 shows a mixture of phases and is a transition from a single phase fcc TaN (from 25% to 7% N2) to mainly hex Ta2N (3% N2). It should be noted that since the film with 5% N2 had a mixture of phases, other expected diffractions such as (002), (101) of the hex Ta2N, and (200) of the fcc TaN1.13 phase are present in the broad shoulder extending from a 2θ angle of 35.83° to about 42°, as shown in Figure 2 . The hex Ta2N phase, which dominates in the 3% N2 film, was still emerging in the The XRD pattern of the film deposited with 5% N 2 shows at least two peaks at 2θ angle of 33.9 • and 60.40 • , and a broad peak around 36.02 • , which in turn is comprised of many peaks. The XRD patterns of the films with 3% and 5% N 2 are shown separately in Figure 2 . The peaks at 33.9 • , 36.02 • , 60.40 • correspond to (100) of hex Ta 2 N, and (111) and (220) of fcc TaN 1.13 . Thus, the XRD spectrum for the film with 5% N 2 shows a mixture of phases and is a transition from a single phase fcc TaN (from 25% to 7% N 2 ) to mainly hex Ta 2 N (3% N 2 ). It should be noted that since the film with 5% N 2 had a mixture of phases, other expected diffractions such as (002), (101) of the hex Ta 2 N, and (200) of the fcc TaN 1.13 phase are present in the broad shoulder extending from a 2θ angle of 35.83 • to about 42 • , as shown in Figure 2 . The hex Ta 2 N phase, which dominates in the 3% N 2 film, was still emerging in the 5% film. The emergence of the hex Ta 2 N phase can also be seen to some extent in the 7% N 2 film, as depicted by the small shoulder around 2θ = 37 • -40 • , which might correspond to the nanograins of hex Ta 2 N phase (possibly beginning to nucleate) as the film crystal structure was undergoing a transition from fcc to hex Ta 2 N. The hex Ta 2 N phase is well reported in the literature [23, 24, 31] . It has been reported that TaN has a defective structure and deviations from stoichiometry are frequent [32] . Theoretical analysis suggests that in the Ta-N system, Ta 2 N and TaN phases have stable and metastable structures, respectively, and that the energy difference calculated for these two tantalum nitrides is very close [11] .
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Figure 2.
Low-angle XRD of the Ta-N films deposited at EB = −100 V with N2 content 5% and 3%. Figure 3 shows the low-angle XRD of films that are deposited at EB = −200 V and varying the N2 content from 7% to 2.5%. The trend observed for this set of experiments was similar to that shown by the films deposited at similar conditions, but at EB = −100 V. For the film with 7% N2, the diffractions at 2θ angle of 35.15°, 40.14°, and 59.5° can be identified as the (111), (200), and (220) plane of fcc TaN. By comparing the full width half maximum (FWHM), we can say that the fcc (111) peak in this case is broad (FWHM = 0.038 rad) and at slightly lower diffraction angle (larger d-spacing due to compressive residual stresses) than the fcc (111) peak for the film deposited at EB = −100 V with the same gas ratio of 7% (FWHM = 0.024 rad). The broader peaks indicate refinement in the film microstructure (smaller grain size) and inhomogeneous strains in the lattice that are caused by the consistent energetic bombardment at higher bias. Similar microstructural refinement effects by higher plasma energies have been previously documented [29] . Figure 3 shows the low-angle XRD of films that are deposited at E B = −200 V and varying the N 2 content from 7% to 2.5%. The trend observed for this set of experiments was similar to that shown by the films deposited at similar conditions, but at E B = −100 V. For the film with 7% N 2 , the diffractions at 2θ angle of 35.15 • , 40.14 • , and 59.5 • can be identified as the (111), (200), and (220) plane of fcc TaN. By comparing the full width half maximum (FWHM), we can say that the fcc (111) peak in this case is broad (FWHM = 0.038 rad) and at slightly lower diffraction angle (larger d-spacing due to compressive residual stresses) than the fcc (111) peak for the film deposited at E B = −100 V with the same gas ratio of 7% (FWHM = 0.024 rad). The broader peaks indicate refinement in the film microstructure (smaller grain size) and inhomogeneous strains in the lattice that are caused by the consistent energetic bombardment at higher bias. Similar microstructural refinement effects by higher plasma energies have been previously documented [29] .
As the N 2 content is decreased to 5%, diffraction peaks at 2θ angle of 33.34 • , 37.91 • , and 59.6 • are observed which can be identified as the (100), (101), and (220) plane of hex Ta 2 N. In the case of E B = −200 V, a transition from fcc TaN to hex Ta 2 N was facilitated with no broad transition peak (comprising a mixture of phases), which was observed at E B = −100 V for the same N 2 percentage. This indicates that a faster transition is promoted by the higher plasma energy of the system at a higher E B . As the N 2 content is further decreased to 2.5%, hex Ta 2 N is still the dominant phase textured along the (101) orientation. The (101) texture is more pronounced when compared to the film that is deposited with almost same content of N 2 (3%), but at E B = −100 V. A similar change in crystal structure from fcc TaN to hex Ta 2 N with decreasing N 2 has been reported in the literatures [4, 14, 26, 27] . As the N2 content is decreased to 5%, diffraction peaks at 2θ angle of 33.34°, 37.91°, and 59.6° are observed which can be identified as the (100), (101), and (220) plane of hex Ta2N. In the case of EB = −200 V, a transition from fcc TaN to hex Ta2N was facilitated with no broad transition peak (comprising a mixture of phases), which was observed at EB = −100 V for the same N2 percentage. This indicates that a faster transition is promoted by the higher plasma energy of the system at a higher EB. As the N2 content is further decreased to 2.5%, hex Ta2N is still the dominant phase textured along the (101) orientation. The (101) texture is more pronounced when compared to the film that is deposited with almost same content of N2 (3%), but at EB = −100 V. A similar change in crystal structure from fcc TaN to hex Ta2N with decreasing N2 has been reported in the literatures [4, 14, 26, 27] . Figure 4 shows the variation in the deposition rate (nm/h) of the films that were deposited at EB of −100 V and −200 V. The thickness of the films deposited at EB = −100 V was around 500 ± 30 nm except for the ones deposited with 7% and 5% N2. The 7% N2 film was textured along fcc (111) and that possibly contributed to the higher deposition rate. The 5% N2 film comprises mainly of fcc TaN1.13, but it also contains other phases, resulting in a slight decrease in deposition rate when compared to the 7% N2 film. However, the trend from 7% to 25% N2 and 5% to 3% shows a decrease in the deposition rate and can be attributed to the more uniform, non-textured microstructure. The deposition rate of the films deposited at higher bias of −200 V is typically lower due to resputtering. The films deposited with 7% and 2.5% N2 have a higher deposition rate as compared to the 5% film. The higher deposition rate for these films is due to their texture when compared to the more uniform hex Ta2N film. However, the film deposited with 2.5% N2 at EB = −200 V has a higher deposition rate than the film deposited with almost same N2 content (3%) but at EB = −100 V. Both films have preferred orientation along the (101) plane but analysis of their respective (101) peak heights shows a significant higher texture for the film deposited at EB = −200 V, resulting in a higher deposition rate. (100) γ (220) δ (200) γ (002) γ(102) Figure 3 . Low-angle XRD of the Ta-N films deposited at E B = −200 V with N 2 content 7%, 5% and 2.5%. Figure 4 shows the variation in the deposition rate (nm/h) of the films that were deposited at E B of −100 V and −200 V. The thickness of the films deposited at E B = −100 V was around 500 ± 30 nm except for the ones deposited with 7% and 5% N 2 . The 7% N 2 film was textured along fcc (111) and that possibly contributed to the higher deposition rate. The 5% N 2 film comprises mainly of fcc TaN 1.13 , but it also contains other phases, resulting in a slight decrease in deposition rate when compared to the 7% N 2 film. However, the trend from 7% to 25% N 2 and 5% to 3% shows a decrease in the deposition rate and can be attributed to the more uniform, non-textured microstructure. The deposition rate of the films deposited at higher bias of −200 V is typically lower due to resputtering. The films deposited with 7% and 2.5% N 2 have a higher deposition rate as compared to the 5% film. The higher deposition rate for these films is due to their texture when compared to the more uniform hex Ta 2 N film. However, the film deposited with 2.5% N 2 at E B = −200 V has a higher deposition rate than the film deposited with almost same N 2 content (3%) but at E B = −100 V. Both films have preferred orientation along the (101) plane but analysis of their respective (101) peak heights shows a significant higher texture for the film deposited at E B = −200 V, resulting in a higher deposition rate. 
XPS Studies
The composition and chemical state of Ta-N films were examined by AES and XPS, respectively. All of the binding energy values have been corrected for charging effects with reference to the adventitious carbon 1s peak at 284.6 eV. Figure 5 shows the evolution of the elemental composition of the reactively sputtered Ta-N films deposited at EB = −100 V with N2 content varying from 25% to 
The composition and chemical state of Ta-N films were examined by AES and XPS, respectively. All of the binding energy values have been corrected for charging effects with reference to the adventitious carbon 1s peak at 284.6 eV. Figure 5 shows the evolution of the elemental composition of the reactively sputtered Ta-N films deposited at E B = −100 V with N 2 content varying from 25% to 3%. The elemental percentage composition was determined from peak to peak intensity from the differentiated spectrum. A decrease in the N concentration and an increase in the Ta concentration can be observed as the N 2 content in the gas mixture is decreased from 25% to 3%. The Ta/N ratio is approximately 1:1, 1:1.8, 2:1 for 25%-7%, 5%, and 3% flow ratios, respectively. This agrees well with the phases that were identified by XRD. 
The composition and chemical state of Ta-N films were examined by AES and XPS, respectively. All of the binding energy values have been corrected for charging effects with reference to the adventitious carbon 1s peak at 284.6 eV. Figure 5 shows the evolution of the elemental composition of the reactively sputtered Ta-N films deposited at EB = −100 V with N2 content varying from 25% to 3%. The elemental percentage composition was determined from peak to peak intensity from the differentiated spectrum. A decrease in the N concentration and an increase in the Ta concentration can be observed as the N2 content in the gas mixture is decreased from 25% to 3%. The Ta/N ratio is approximately 1:1, 1:1.8, 2:1 for 25%-7%, 5%, and 3% flow ratios, respectively. This agrees well with the phases that were identified by XRD. The high-resolution Ta 4f and N 1s spectra for all of the films are shown in Figure 6a ,b, respectively. As shown in Figure 6a , the Ta 4f peaks are at higher binding energies when compared to that of metallic Ta (Ta 4f 7/2~2 1.7 eV). This peak shift indicates the transition from a metallic (Ta 4f 7/2~2 1.7 eV) to a nitride (Ta 4f 7/2~2 3 eV) chemical state [26] . We can also observe that as the N 2 content is decreased from 15% to 3%, the binding energy of Ta 4f 7/2 peak is shifted to slightly lower values (23.8, 23.8, 23.7, 23 .5 eV and 23.1 eV at 15%, 10%, 7%, 5%, and 3% N 2 , respectively) indicating a change in the chemical state of Ta, possibly due to a change in binding state from TaN to Ta 2 N, as observed by XRD ( Figure 1) . As is seen, the Ta 4f peak for 7% and 5% film is broad. This depicts the presence of two binding states, possibly TaN and Ta 2 N, as these films were undergoing a transition from fcc TaN to hex Ta 2 N. Actually, the presence of nucleating hex Ta 2 N nanograins was seen in the XRD spectrum of the 7% film. At 25% N 2 , the intensity of the Ta 4f peak decreases and the peak becomes broader, while the binding energy of Ta 4f 7/2 shifts to 23.2 eV. This indicates the presence of some other chemical states or defects at the surface, which resulted in the lower binding energy of Ta 4f peak. A similar broad peak with a decreased intensity of the Ta 4f peak at a higher N 2 fraction was also reported by Arshi et al. [27] . As shown in Figure 6b , the N 1s peak is~397 eV and this corresponds to binding energy of nitrogen in a metal nitride state, although the Ta 4p 3/2 peak at 403.5 eV is almost constant. It can also be seen that there is a decrease in the intensity of the N 1s peak with decreasing N 2 content, which is consistent with the compositional analysis ( Figure 5 ). For the 25% film, the N 1s peak showed a slight shift to a lower binding energy, similar to the shift in Ta 4f peak, possibly due to excess N in the film. In the case of lower N 2 content films, (7%, 5%, and 3%), the N 1s peak shows some broadness. This broad peak corresponds to two binding energies, 398.1 eV and 397.2 eV, and can be attributed to the presence of two phases.
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(a) (b) Figure 6 . High resolution X-ray photoelectron spectroscopy (XPS) (a) Ta 4f and (b) N 1s spectra for films deposited with N2 content varying from 25% to 3%.
Figure 7a,b shows the deconvoluted peaks for films deposited with 3% and 25% N2, respectively, where the solid black line represents experimental values and dashed lines represent the deconvolution. The spectra for these films are composed of two sets of Ta 4f doublets. When considering the split energy by spin orbit coupling of 4f7/2 and 4f5/2 in Ta 4f as 1.9 eV, the high energy side doublet for all of the films shows the binding energy of Ta 4f7/2 to be 26.2 eV and of Ta 4f5/2 close to 28.2 eV, which is close to the chemical state of Ta in Ta2O5 (Ta 4f7/2 = 26.2 eV) [26, 33] . Regarding the low energy side doublet, the binding energy of Ta 4f7/2 is around 23.1 eV and of Ta 4f5/2 close to 25.1 eV, which correspond to binding states of Ta in Ta-N system (4f7/2 = 23 eV and 4f5/2 = 25 eV) [34] . The fraction of Ta2O5 binding state is higher for the 3% N2 as compared to 25% N2 film, which is evident from the intensity of the high-energy side shoulder in the Ta 4f spectra, which increases with a decreasing N2 content in the gas mixture. It looks like the incorporation of residual oxygen in [26, 33] . Regarding the low energy side doublet, the binding energy of Ta 4f 7/2 is around 23.1 eV and of Ta 4f 5/2 close to 25.1 eV, which correspond to binding states of Ta in Ta-N system (4f 7/2 = 23 eV and 4f 5/2 = 25 eV) [34] . The fraction of Ta 2 O 5 binding state is higher for the 3% N 2 as compared to 25% N 2 film, which is evident from the intensity of the high-energy side shoulder in the Ta 4f spectra, which increases with a decreasing N 2 content in the gas mixture. It looks like the incorporation of residual oxygen in crystalline Ta-N is reduced as the N 2 content increases. A similar effect has been reported by Chang et al. [26] . Figure 8a ,b shows the deconvolution of the N 1s peak, including the Ta 4p 3/2 for the 5% and 25% N 2 film, respectively. As seen in the 25% N 2 film, the N 1s peak is around 397 eV, whereas the 5% N 2 peak can be deconvoluted into two peaks with binding energies, 397.2 eV and 398.1 eV. The presence of these two peaks in the low N 2 content films is consistent with the TaN and Ta 2 N phases detected by XRD. Thus, the XPS findings are in agreement with XRD data adding additional insight to the gradual nucleation and growth of the Ta 2 N phase as the N 2 content decreases. crystalline Ta-N is reduced as the N2 content increases. A similar effect has been reported by Chang et al. [26] . Figure 8a ,b shows the deconvolution of the N 1s peak, including the Ta 4p3/2 for the 5% and 25% N2 film, respectively. As seen in the 25% N2 film, the N 1s peak is around 397 eV, whereas the 5% N2 peak can be deconvoluted into two peaks with binding energies, 397.2 eV and 398.1 eV. The presence of these two peaks in the low N2 content films is consistent with the TaN and Ta2N phases detected by XRD. Thus, the XPS findings are in agreement with XRD data adding additional insight to the gradual nucleation and growth of the Ta2N phase as the N2 content decreases.
(a) (b) (a) (b) Figure 7 . Deconvoluted XPS spectra of Ta 4f core levels for Ta-N films deposited with (a) 3% and (b) 25% N2.
(a) (b) Figure 8 . Deconvoluted XPS spectra of N 1s core levels for Ta-N films deposited with (a) 5% and (b) 25% N2.
Microstructural Investigation
In order to understand the effect of varying N2 content in the gas mixture on the microstructure of the Ta-N films, three films were selected to be analyzed using TEM. These were the films deposited at EB = −100 V with 7%, 5%, and 3% N2.
3.3.1. Ta-N Film Deposited with 7% N2 Figure 9a is a cross section bright field TEM image of the bulk structure of the film deposited with 7% N2, showing signs of columnar morphology along the growth direction. Figure 9b is a cross section bright field TEM image showing the interface between the Si substrate and the Ta-N film. The film shows a sharp interface with the substrate via a Ta adhesion layer, which is ~60 nm thick with a seamless transition to the TaN film. A similar smooth transition was observed for the films with 5% and 3% N2. The SAED pattern that is shown as an inset in Figure 9b was taken from an area in the film (away from the film/Si interface) and shows a single diffraction ring with lattice spacing Figure 8 . Deconvoluted XPS spectra of N 1s core levels for Ta-N films deposited with (a) 5% and (b) 25% N 2 .
In order to understand the effect of varying N 2 content in the gas mixture on the microstructure of the Ta-N films, three films were selected to be analyzed using TEM. These were the films deposited at E B = −100 V with 7%, 5%, and 3% N 2 . The film shows a sharp interface with the substrate via a Ta adhesion layer, which is~60 nm thick with a seamless transition to the TaN film. A similar smooth transition was observed for the films with 5% and 3% N 2 . The SAED pattern that is shown as an inset in Figure 9b was taken from an area in the film (away from the film/Si interface) and shows a single diffraction ring with lattice spacing 2.5 Å. This can be identified as the (111) plane of fcc TaN. The SAED pattern agrees well with the XRD pattern for this film where a single peak was observed corresponding to fcc TaN, as shown in Figure 1 . 3.3.2. Ta-N Film Deposited with 5% N2 Figure 10a is a cross section bright field TEM image of the film deposited with 5% N2 showing very fine needle like structures and some rounded structures, indicating the presence of more than one phase. This agrees well with the XRD pattern (Figure 2) , which clearly showed a mixture of phases for this film. Figure 10b is a typical SAED pattern taken from an area away from the film/Si interface showing several diffractions. The first diffraction ring (1) has a lattice spacing of 2.63 Å and can be identified as the (100) plane of hex Ta2N. The diffraction spots (2) at the outer diameter of the first ring (1), have a lattice spacing of 2.14 Å and can be identified as the (200) (Figure 2) , which clearly showed a mixture of phases for this film. Figure 10b is a typical SAED pattern taken from an area away from the film/Si interface showing several diffractions. The first diffraction ring (1) has a lattice spacing of 2.63 Å and can be identified as the (100) plane of hex Ta 2 N. The diffraction spots (2) at the outer diameter of the first ring (1), have a lattice spacing of 2.14 Å and can be identified as the (200) plane of fcc TaN 1.13 . The expected (111) diffraction of fcc TaN 1.13 and (002), (101) of hex Ta 2 N with lattice spacing 2.49 Å, 2.45 Å, and 2.32 Å, respectively, are present in this diffused diffraction arc but cannot be differentiated. This agrees with the broad transition peak that was observed in the XRD pattern for this film (Figure 2) . The diffraction ring (3) with lattice spacing 1.52 Å can be assigned mainly to the (220) plane of fcc TaN 1.13 (and also to (110) of hex Ta 2 N).
The diffraction ring (4) with lattice spacing 1.29 Å can be assigned to the (220) plane of hex TaN. It should be noted that the (220) peak for hex TaN was not visible in the XRD as it shows diffraction at 2θ angle of 72.9 • , which is beyond 65 • of the diffraction pattern. Figure 10c is a cross section HRTEM image of the film clearly showing randomly oriented elongated and rounded grains depicting more than one morphology. Nanograins with a typical size of 2-5 nm with no visible amorphous boundaries between grains can be observed. The diffraction ring (4) with lattice spacing 1.29 Å can be assigned to the (220) plane of hex TaN. It should be noted that the (220) peak for hex TaN was not visible in the XRD as it shows diffraction at 2θ angle of 72.9°, which is beyond 65° of the diffraction pattern. Figure 10c is a cross section HRTEM image of the film clearly showing randomly oriented elongated and rounded grains depicting more than one morphology. Nanograins with a typical size of 2-5 nm with no visible amorphous boundaries between grains can be observed. (1), (3), (4), and (5) with lattice spacing 2.63 Å , 2.30 Å , 1.78 Å , and 1.5 Å , respectively, can be identified as the (100), (101), (102), (110) plane of hex Ta2N. The diffraction ring (2) with lattice spacing 2.49 Å corresponds to the (111) plane of fcc TaN1.13 phase. The presence of this phase could also be seen in the shoulder around 2θ angle of 36° in the XRD pattern for this film (Figure 2) . Also, as is evident from the SAED pattern, the diffraction arcs are discontinuous, indicating the ordering of the columnar grains (in this case nano-needles) in the in-plane direction. This is in addition to the texture in the films developed along the growth direction as detected by XRD, which showed the (101) plane of the hex Ta2N, d-spacing 2.30 Å as the high intensity peak. The (002) and (102) diffractions of hex Ta2N were absent in the XRD pattern for this sample. These observations show that both random and textured regions exist in the (Figure 2) . Also, as is evident from the SAED pattern, the diffraction arcs are discontinuous, indicating the ordering of the columnar grains (in this case nano-needles) in the in-plane direction. This is in addition to the texture in the films developed along the growth direction as detected by XRD, which showed the (101) plane of the hex Ta 2 N, d-spacing 2.30 Å as the high intensity peak. The (002) and (102) diffractions of hex Ta 2 N were absent in the XRD pattern for this sample. These observations show that both random and textured regions exist in the film. Figure 11c is a HRTEM image taken from an area away from the film/substrate interface. The grain size varies from 5 to 10 nm. Most grains are interconnected with their adjacent grains directly without the presence of amorphous boundaries. Very few amorphous boundaries were formed between the grains. Figure 12 shows the cross section morphology of the Ta-N film deposited with 3% N2. The cross section shows a dense film with a sharp interface between the Ta adhesion layer (~40 nm) and the substrate, as well as a smooth transition from the adhesion layer to the TaN film. It is also evident that initially a smooth, featureless Ta-N film grows (~180 nm) from the Ta interlayer, and subsequently, the film develops a nanocolumnar structure. The surface roughness was measured by optical profilometry and was around 10 nm for all films. Nanoindentation experiments were conducted to study the effect of the varying N2 content in the gas mixture on the mechanical properties of the films. Figure 13a shows the variation in hardness, effective Young's modulus, and residual stress as a function of the N2 content of films deposited at Figure 12 shows the cross section morphology of the Ta-N film deposited with 3% N 2 . The cross section shows a dense film with a sharp interface between the Ta adhesion layer (~40 nm) and the substrate, as well as a smooth transition from the adhesion layer to the TaN film. It is also evident that initially a smooth, featureless Ta-N film grows (~180 nm) from the Ta interlayer, and subsequently, the film develops a nanocolumnar structure. The surface roughness was measured by optical profilometry and was around 10 nm for all films. Figure 12 shows the cross section morphology of the Ta-N film deposited with 3% N2. The cross section shows a dense film with a sharp interface between the Ta adhesion layer (~40 nm) and the substrate, as well as a smooth transition from the adhesion layer to the TaN film. It is also evident that initially a smooth, featureless Ta-N film grows (~180 nm) from the Ta interlayer, and subsequently, the film develops a nanocolumnar structure. The surface roughness was measured by optical profilometry and was around 10 nm for all films. Nanoindentation experiments were conducted to study the effect of the varying N2 content in the gas mixture on the mechanical properties of the films. Figure 13a shows the variation in hardness, effective Young's modulus, and residual stress as a function of the N2 content of films deposited at Nanoindentation experiments were conducted to study the effect of the varying N 2 content in the gas mixture on the mechanical properties of the films. Figure 13a shows the variation in hardness, effective Young's modulus, and residual stress as a function of the N 2 content of films deposited at E B = −100 V. As the N 2 content is decreased from 25% to 3%, there is an increase in hardness from~20 to~33 GPa. However, the 7% N 2 film shows a lower hardness of~24 GPa. This decrease in hardness is possibly due to the texture that is developed in the film depicting a preferred fcc (111) orientation (Figure 1) , as compared to the 10% and 15% N 2 film, which have a more uniform non-textured fcc crystal structure. Hardness value of~20 GPa for fcc TaN has been previously reported in the literature [25] . As can be seen, the 25% N 2 film also showed preferred fcc (111) orientation and displayed a hardness of~20 GPa. The 7% N 2 film shows comparable hardness but with larger scatter than the 25% N 2 film. This can be attributed to the nucleation of the higher hardness hex Ta 2 N nanograins in the 7% N 2 film (Figure 1) . Decreasing the N 2 content to 5% and 3% results in higher hardness of around 33 GPa due to change in crystal structure from dominant fcc TaN (25% to 7% N 2 ) to a mixture of fcc TaN 1.13 and hex Ta 2 N (for 5% N 2 ), and finally to hex Ta 2 N (for 3% N 2 ). The variation in effective Young's modulus shows a similar trend like the variation in hardness and increases from 185 GPa to~230 GPa as we decrease N 2 content from 25% to 3%.
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(a) (b) Figure 13 . (a) Variation in hardness, effective modulus and residual stress and (b) H/E* ratio and Elastic Recovery, We (%) of films sputtered at EB = −100 V with N2 content varying from 25% to 3%.
The low residual stress observed for the 5% N2 film when compared to the rest of the films is more likely due to the formation of a mixture of phases in this film. The 3% film exhibited a good combination of hardness (~33 GPa) accompanied with a relatively low residual stress (~−1.5 GPa). The low residual stress observed for the 5% N 2 film when compared to the rest of the films is more likely due to the formation of a mixture of phases in this film. The 3% film exhibited a good combination of hardness (~33 GPa) accompanied with a relatively low residual stress (~−1.5 GPa). Nano-needle like structures that were observed for this film play a critical role in the enhancement of film hardness (Figure 11 ). Nano-needle like structures usually have a single crystal structure and exhibit strong preferred crystallographic orientation. The hardness enhancement due to the presence of nano-needle like structures is very similar to the enhanced enhancement due to nano-columnar morphology where dislocation formation is unlikely when the size of nanocolumns is~5−10 nm. Even if dislocations did nucleate during indentation, dislocation motion would be impeded due to the transition from one crystallographic orientation to another [35] [36] [37] . Figure 13b presents the variation of H/E* ratio and elastic recovery W e (%) of the films as a function of the N 2 content. It has been reported previously that hard coatings with enhanced resistance to cracking are characterized by a high ratio H/E* ≥ 0.1 and high elastic recovery W e > 60% [36, 38] . It is interesting to note that all of the present Ta-N films exhibited a high H/E* ≥ 0.1. In addition, high elastic recovery of >65%, was exhibited by most films except for the film that was deposited with 7% and 25% N 2 content. This reduction in elastic recovery can be possibly attributed to their textured crystal structure. Overall, it seems that films deposited with low N 2 content (5% and 3%) display desirable mechanical properties, i.e., high resistance to deformation, resistance to cracking and low residual stresses. Figure 14 shows the variation of hardness and residual stress of films deposited at E B = −200 V and varying the N 2 content. Decreasing the N 2 content from 7% to 5% results in an increase in hardness from~33 to~37 GPa. This can be attributed to the crystal structure change from fcc TaN to hex Ta 2 N. A further decrease in N 2 content from 5% to 2.5% results in a decrease of hardness from~37 to~34 GPa. The crystal structure that is present in both the latter films is hex Ta 2 N, however, the 2.5% N 2 film shows significant texture along the (101) plane (Figure 3 ). This more than likely can account for the slight decrease in the hardness. All three of the films were accompanied by relatively high residual stress of about −4 GPa. The higher energy delivered to these films by Ar + (due to higher kinetic energy at higher E B ) and can account for their higher residual stresses when compared to films that are deposited at lower bias voltage, Figure 13a . Nano-needle like structures that were observed for this film play a critical role in the enhancement of film hardness (Figure 11 ). Nano-needle like structures usually have a single crystal structure and exhibit strong preferred crystallographic orientation. The hardness enhancement due to the presence of nano-needle like structures is very similar to the enhanced enhancement due to nano-columnar morphology where dislocation formation is unlikely when the size of nanocolumns is ~5−10 nm. Even if dislocations did nucleate during indentation, dislocation motion would be impeded due to the transition from one crystallographic orientation to another [35] [36] [37] . Figure 13b presents the variation of H/E* ratio and elastic recovery We (%) of the films as a function of the N2 content. It has been reported previously that hard coatings with enhanced resistance to cracking are characterized by a high ratio H/E* ≥ 0.1 and high elastic recovery We > 60% [36, 38] . It is interesting to note that all of the present Ta-N films exhibited a high H/E* ≥ 0.1. In addition, high elastic recovery of >65%, was exhibited by most films except for the film that was deposited with 7% and 25% N2 content. This reduction in elastic recovery can be possibly attributed to their textured crystal structure. Overall, it seems that films deposited with low N2 content (5% and 3%) display desirable mechanical properties, i.e., high resistance to deformation, resistance to cracking and low residual stresses. Figure 14 shows the variation of hardness and residual stress of films deposited at EB = −200 V and varying the N2 content. Decreasing the N2 content from 7% to 5% results in an increase in hardness from ~33 to ~37 GPa. This can be attributed to the crystal structure change from fcc TaN to hex Ta2N. A further decrease in N2 content from 5% to 2.5% results in a decrease of hardness from ~37 to ~34 GPa. The crystal structure that is present in both the latter films is hex Ta2N, however, the 2.5% N2 film shows significant texture along the (101) plane (Figure 3 ). This more than likely can account for the slight decrease in the hardness. All three of the films were accompanied by relatively high residual stress of about −4 GPa. The higher energy delivered to these films by Ar + (due to higher kinetic energy at higher EB) and can account for their higher residual stresses when compared to films that are deposited at lower bias voltage, Figure 13a . Pin on disc experiments were performed on Ta-N films which were deposited at EB = −100 V, with 5% and 3% N2 content and exhibited high H/E* ratio (0.13) and We (68%). The coefficient of friction was found to vary between μ = 0.7-0.9, with the film deposited with 3% N2 exhibiting slightly lower values, Figure 15a ,b. Pin on disc experiments were performed on Ta-N films which were deposited at E B = −100 V, with 5% and 3% N 2 content and exhibited high H/E* ratio (0.13) and W e (68%). The coefficient of friction was found to vary between µ = 0.7-0.9, with the film deposited with 3% N 2 exhibiting slightly lower values, Figure 15a Figure 16 presents the two-dimensional wear track profiles for the aforementioned films. As can be seen, the wear track of the 5% N2 film is much wider (~220 μm) when compared to 3% N2 film (~40 μm). Similarly, the 3% N2 film showed a slightly lower wear track depth (~32 μm) as compared to 5% N2 film (~34 μm). Overall, the 3% N2 film exhibited almost an order of magnitude lower wear rate (3.1 × 10 −6 mm 3 ·N −1 ·m −1 ) when compared to the 5% N2 film (2. When considering the microstructure of these two films, the higher wear rate of the 5% N2 film is attributed to the presence of both fcc TaN and hex Ta2N phases, which can produce a three body wear at the contact resulting in the faster wear rate of the 5% N2 film. On the contrary, the 3% N2 film has a uniform microstructure that is composed of a hard hex Ta2N phase present as fine nano-needles and a grain size of 5-10 nm, Figure 11 . The reported values for wear rate for magnetron sputtered Ta-N coatings are between 1.4 × 10 −5 and 6.2 × 10 −5 mm 3 ·N −1 ·m −1 [23] . The crystal structure for these coatings was a mixture of bcc Ta and hex Ta2N with hardness ~30 GPa and high residual stress of ~5 GPa. Another group reports wear rate of ~2.876 × 10 −5 mm 3 ·N −1 ·m −1 for Ta-N films (with fcc TaN crystal structure), with μ = 0.3, and H/E* ratio of 0.029 [39] . When compared to the aforementioned wear rate in the literature, the 3% N2 film exhibited a significantly low wear rate, high H/E* ratio (0.13), and high elastic recovery (~65%), and can serve as a potential coating material for tribological applications. Figure 16 presents the two-dimensional wear track profiles for the aforementioned films. As can be seen, the wear track of the 5% N 2 film is much wider (~220 µm) when compared to 3% N 2 film (~40 µm). Similarly, the 3% N 2 film showed a slightly lower wear track depth (~32 µm) as compared to 5% N 2 film (~34 µm). Overall, the 3% N 2 film exhibited almost an order of magnitude lower wear rate (3.1 × 10 −6 mm 3 ·N −1 ·m −1 ) when compared to the 5% N 2 film (2.8 × 10 −5 mm 3 ·N −1 ·m −1 ). Figure 16 presents the two-dimensional wear track profiles for the aforementioned films. As can be seen, the wear track of the 5% N2 film is much wider (~220 μm) when compared to 3% N2 film (~40 μm). Similarly, the 3% N2 film showed a slightly lower wear track depth (~32 μm) as compared to 5% N2 film (~34 μm). Overall, the 3% N2 film exhibited almost an order of magnitude lower wear rate (3.1 × 10 −6 mm 3 ·N −1 ·m −1 ) when compared to the 5% N2 film (2.8 × 10 −5 mm 3 ·N −1 ·m −1 ).
(a) (b) Figure 16 . Two dimensional profiles of wear tracks for films deposited with (a) 5% and (b) 3% N2.
When considering the microstructure of these two films, the higher wear rate of the 5% N2 film is attributed to the presence of both fcc TaN and hex Ta2N phases, which can produce a three body wear at the contact resulting in the faster wear rate of the 5% N2 film. On the contrary, the 3% N2 film has a uniform microstructure that is composed of a hard hex Ta2N phase present as fine nano-needles and a grain size of 5-10 nm, Figure 11 . The reported values for wear rate for magnetron sputtered Ta-N coatings are between 1.4 × 10 −5 and 6.2 × 10 −5 mm 3 ·N −1 ·m −1 [23] . The crystal structure for these coatings was a mixture of bcc Ta and hex Ta2N with hardness ~30 GPa and high residual stress of ~5 GPa. Another group reports wear rate of ~2.876 × 10 −5 mm 3 ·N −1 ·m −1 for Ta-N films (with fcc TaN crystal structure), with μ = 0.3, and H/E* ratio of 0.029 [39] . When compared to the aforementioned wear rate in the literature, the 3% N2 film exhibited a significantly low wear rate, high H/E* ratio (0.13), and high elastic recovery (~65%), and can serve as a potential coating material for tribological applications. When considering the microstructure of these two films, the higher wear rate of the 5% N 2 film is attributed to the presence of both fcc TaN and hex Ta 2 N phases, which can produce a three body wear at the contact resulting in the faster wear rate of the 5% N 2 film. On the contrary, the 3% N 2 film has a uniform microstructure that is composed of a hard hex Ta 2 N phase present as fine nano-needles and a grain size of 5-10 nm, Figure 11 . The reported values for wear rate for magnetron sputtered Ta-N coatings are between 1.4 × 10 −5 and 6.2 × 10 −5 mm 3 ·N −1 ·m −1 [23] . The crystal structure for these coatings was a mixture of bcc Ta and hex Ta 2 N with hardness~30 GPa and high residual stress of~5 GPa. Another group reports wear rate of~2.876 × 10 −5 mm 3 ·N −1 ·m −1 for Ta-N films (with fcc TaN crystal structure), with µ = 0.3, and H/E* ratio of 0.029 [39] . When compared to the aforementioned wear rate in the literature, the 3% N 2 film exhibited a significantly low wear rate, high H/E* ratio (0.13), and high elastic recovery (~65%), and can serve as a potential coating material for tribological applications.
Conclusions
Ta-N films were deposited on Si substrate at 550 • C using reactive magnetron sputtering by varying the nitrogen content in the N 2 /Ar gas mixture. Dense, smooth nanocrystalline Ta-N films were produced with sharp interface with the substrate and low surface roughness. The grown films were found to have fcc TaN phase for 25%-7% N 2 , a mixture of fcc TaN 1.13 and hexagonal Ta 2 N for 5% N 2 , and only hexagonal Ta 2 N for 3% N 2 in the sputtering gas. Besides promoting the formation of the hexagonal Ta 2 N phase, decreasing the N 2 content in the gas mixture below 7% N 2 was found to result in a refining of the microstructure with grain size from 5 to 15 nm. The films deposited with 5% and 3% N 2 content exhibited the highest hardness (33 GPa), H/E* ratio (0.13) and W e (68%). In particular, the film deposited with 3% N 2 exhibited very low wear rate (3.1 × 10 −6 mm 3 ·N −1 ·m −1 ) and seems to be a potential material for tribological applications.
